1. Introduction {#sec1}
===============

Attention-Deficit/Hyperactivity Disorder (ADHD) is among the most common childhood disorders, characterized by developmentally inappropriate levels of hyperactivity, impulsivity, and inattention. Research on children with ADHD primarily focuses on boys due to the disproportionate prevalence of boys over girls with ADHD (2:1 to 9:1) ([@bb0042]), however the rate of diagnosis among girls is rapidly increasing ([@bb0029]). A growing body of research has focused specifically on comparing girls with ADHD to typically developing (TD) girls ([@bb0018]; [@bb0055]), but few studies have examined sex differences in large samples of boys and girls with ADHD in comparison to each other and same-sex peers. In particular, sex differences in brain structure and function in children with ADHD have rarely been studied (cf. [@bb005]; [@bb0030]) whereas there has been more research on behavioral functioning in boys and girls with ADHD.

The limited literature on sex differences in ADHD has shown that boys and girls with ADHD differ in terms of clinical presentation and, to some extent, neuropsychological functioning. Clinically, boys are more commonly diagnosed with the combined subtype and show a greater preponderance of hyperactive/impulsive symptoms, whereas girls with ADHD are more often diagnosed with the inattentive subtype ([@bb0019]). In addition, there is some evidence that boys and girls diagnosed with ADHD in childhood tend to have different functional outcomes ([@bb0042]). Research examining sex differences in neuropsychological functioning suggests that, compared to age and sex-matched controls, both boys and girls with ADHD show impairments in executive function ([@bb0035]), greater multitask interference ([@bb0013]), and weaker skeletomotor control ([@bb0033]), cognitive control ([@bb0033]; [@bb0041]), and emotional control ([@bb006]). Boys with ADHD tend to display greater motor impairment, including persistence of motor subtle signs (increased dysrhythmia) into late childhood ([@bb008]; [@bb0028]), greater impairment during effortful response inhibition ([@bb0035]), and slower execution of timed movements ([@bb0010]). There is also some evidence that girls with ADHD tend to show greater higher order cognitive deficits during childhood, such as impairments in planning ([@bb0035]). In sum, sex differences in clinical presentation may be related to greater motor impairments in boys with ADHD and different executive function profiles for girls and boys with ADHD.

Research examining neuroanatomical differences in children with ADHD is also predominated by male samples, limiting the opportunity to examine sex differences. In general, these studies have shown regional abnormalities in the frontal cortex ([@bb002]; [@bb0043]; [@bb0051]), prefrontal and premotor cortex ([@bb0032]), supplementary motor cortex ([@bb0030]), cerebellum ([@bb003]; [@bb0034]), and basal ganglia ([@bb0036]) as well as parietal and temporal cortices ([@bb0047]; [@bb0056]). Longitudinal studies report that, although the cortical development in ADHD follows a pattern similar to that of TD children, in which primary sensory and motor regions develop before higher-order association areas, peak cortical thickness (CT) occurs before peak cortical surface area (SA) and girls develop earlier than boys, children with ADHD show a delay of several years in both peak CT and SA that normalizes by age 15--17 ([@bb0048; @bb0044]). Furthermore, the rate at which children with ADHD normalize to TD CT levels is associated with outcome ([@bb0047]). Additionally, children with ADHD show a disruption of typically developing asymmetries, particularly in the orbito-inferior frontal gyral region ([@bb0046]). Cortical asymmetries in typically developing adults show sensitivity to sex differences with a leftward bias, particularly premotor, in males and mixed results in females ([@bb0016]; [@bb0023]; [@bb0046]). Despite these observations, very little work has been done investigating sex-based differences in cortical asymmetry in ADHD, while many studies of cortical morphology in ADHD have included girls in their analyses, few studies have examined or reported sex differences in ADHD, possibly due to insufficient sample size and a lack of statistical power (e.g., [@bb001]).

Very few studies have examined sex differences in neuroanatomy among children with ADHD. Studies that have compared girls with ADHD to TD girls found evidence of smaller total brain volume and cerebellar volume in girls with ADHD (ages 5--16 years) ([@bb004]) and reduced gray matter density in the right cerebellum in girls with ADHD (age 8--10 years) ([@bb0031]). Only two studies have compared relatively large samples of girls and boys with ADHD to same-sex TD children. [@bb005] applied a whole brain approach in children ages 5--18 years and did not find evidence of ADHD-related sex differences in gray and white matter in the frontal, temporal, parietal and occipital lobes or the basal ganglia or cerebellum; however, the authors note the need for approaches to detect more localized abnormalities in the frontal lobe. [@bb0030] performed a detailed examination of frontal lobe morphology in children ages 8--12 years, reporting reduced gray matter volume in the left lateral premotor cortex in girls with ADHD while boys with ADHD showed reduced white matter volume in the left medial PFC.

The current study builds upon the limited research on sex differences in cortical morphology in children with ADHD by directly comparing large samples of boys and girls with ADHD, matched on ADHD subtype, to same-sex TD peers. Furthermore, we examined functionally distinct sub-regions of the frontal lobe using a newly developed automated atlas ([@bb0037]). The use of this atlas facilitates grouping regions of interest (ROIs) by function (i.e., premotor and prefrontal) and investigating the effects of diagnosis and sex for each functional subdivision. We hypothesized that: 1) children with ADHD would show regional reductions in cortical morphology compared to age matched TD children, 2) boys with ADHD would show greater premotor differences compared to TD boys, and 3) cortical morphology would be associated with symptom severity within the ADHD group.

2. Method {#sec2}
=========

2.1. Participants {#sec2.1}
-----------------

Participants included 226 children, ages 8--12 years. The ADHD group comprised 93 children (29 girls), representing all three subtypes. The remaining 133 subjects (42 girls) comprised the typically developing (TD) group. The demographic information is summarized in [Table 1](#t0005){ref-type="table"}.

Participants were recruited so as to provide a representative community sample. Recruitment was principally through advertisement in local public and private schools, with additional recruitment through community-wide advertisement, volunteer organizations, medical institutions, and word of mouth. A brief telephone interview was conducted with a parent to determine whether their child met the initial inclusion criteria. Next, a structured diagnostic interview using the Diagnostic Interview for Children and Adolescents-IV (DICA-IV; [@bb0040]) was conducted over the phone with the child\'s parent. Participants were then scheduled for a study visit and were mailed the Conners\' Parent and Teacher Rating Scales-Revised Long Version (CPRS-R:L; [@bb009]), and the ADHD Rating Scale-IV, home and school versions (ADHD-RS; [@bb0011]) to confirm diagnostic status. During the initial study visit, participants were administered the Wechsler Intelligence Scale for Children-IV ([@bb0054]) and the Word Reading subtest from the WIAT-II ([@bb0053]) in order to rule out intellectual and reading disabilities.

Exclusion criteria for the all participants consisted of the following: (1) Full Scale IQ (FSIQ) score below 80 based on the WISC-IV, (2) history of intellectual disability, seizures, traumatic brain injury or other neurological illnesses, (3) psychotropic medications (other than stimulant medication for children with ADHD), (4) a WIAT-II Basic Reading score below 85, and (5) a DICA-IV diagnosis of Conduct Disorder, Mood Disorder, Generalized Anxiety Disorder, Separation Anxiety Disorder or Obsessive Compulsive Disorders. Given the high rates of comorbidity between ADHD and Oppositional Defiant Disorder (ODD) ([@bb0022]) and because we did not have specific predictions about the impact of comorbid ODD in children with ADHD, children with comorbid ODD were not excluded. We also did not exclude TD or ADHD participants based on the presence of a Specific Phobia.

An ADHD diagnosis was based on the following criteria: (1) an ADHD diagnosis on the DICA-IV psychiatric interview and (2) a T-score of 65 or higher on the DSM-IV:inattentive or DSM-IV:hyperactive--impulsive scales on the CPRS-R:L or a score of 2 or 3 on at least 6 out of 9 items on the Inattentive or Hyperactivity/Impulsivity scales of the ADHD-RS. This information was then reviewed by a child neurologist along with consideration of teacher ratings for a final confirmation. Participants in the TD group could not meet diagnostic criteria for any psychiatric disorder, other than Specific Phobia, based on DICA-IV and their scores had to be below clinical cutoff scores on the parent-report measures (CPRS-R:L and ADHD-RS). Participants with ADHD taking stimulant medication were asked to withhold medication on the day prior and day of testing.

This study was approved by the Hospital Medical Institutional Review Board. Written consent was obtained from a parent/guardian and assent was obtained from the participating child.

2.2. MRI acquisition and processing {#sec2.2}
-----------------------------------

Before each scanning session the participants completed a practice scanning session to acquaint themselves with the scanning environment. Participants entered the mock scanner room with an instructor and were guided through the sequence of events that occur on the day of their actual scan, including sliding into the scanner, wearing ear plugs, hearing loud MRI scanner noises, and being alone in the scanner for 10 min.

All scanning acquisition was completed using a 3.0 T Philips 3T 'Achieva' MRI scanner (Best, The Netherlands). MPRAGE images (Slice thickness = 1.0 mm; FOV = 26 cm; Matrix size: 256 × 256) were checked for motion and only images with minimal motion were used for FreeSurfer processing. Atlas based regions of interest (ROIs) and total cerebral volume measurements were obtained using FreeSurfer ([@bb0015]). Within FreeSurfer, ROIs were delineated using a novel automated frontal lobe atlas, the Ranta atlas ([@bb0037]). Compared to the Desikan atlas, the Ranta atlas is based on functionally distinct regions of interest that were manually delineated using a pediatric population (8--12 years old). The Ranta frontal lobe atlas includes the left and right hemisphere anterior cingulate (ACC), dorsal lateral prefrontal cortex (DLPFC), medial prefrontal cortex (mPFC), inferior lateral prefrontal cortex (ILPFC), medial orbitofrontal cortex, lateral orbitofrontal cortex, frontal eye field (FEF), lateral premotor cortex (LPM), supplementary motor complex (SMC), and primary motor cortex (M1). The lateral and medial OFC were combined to create a single orbitofrontal cortex (OFC) ROI. Ranta ROIs were combined to permit examination of prefrontal cortex (PFC) ROIs (ACC, DLPFC, mPFC, ILPFC, and OFC) and premotor cortex (PMC) ROIs (FEF, LPM, and SMC) collectively. SA and CT for each ROI were extracted using FreeSurfer. FreeSurfer parcellation quality was visually inspected for each subject.

2.3. Data analysis {#sec2.3}
------------------

Data analysis was accomplished using SPSS Statistical Version 20 (IBM, Chicago). In line with previous research, each participant\'s frontal lobe ROI cortical measurements were normalized by multiplying the raw cortical metric by the ratio of their respective diagnostic group\'s average total brain volume (TBV) and individual subject\'s total brain volume (e.g., \[Subject ROI SA ∗ Mean ADHD TBV\]/Subject TBV) ([@bb0024]; [@bb0030]; [@bb0038]). Normalization was done to account for common findings of reduced cerebral/frontal gray matter volume in children with ADHD. More stringent methods of account for TBV (e.g., covarying for TBV) were not employed due to the expectation of subtle group differences. Separate 2 Diagnosis × 2 Sex × 2 Hemisphere × 3 (PMC) or 5 (PFC) ROI repeated measure ANOVAs were run for CT and SA, resulting in four total models. Hemisphere was included in the model due to evidence of abnormal cortical asymmetries in ADHD as well as anatomical differences in cortical lateralization in boys and girls that may underlie functional differences seen in ADHD ([@bb0016]; [@bb0023]; [@bb0046]). The normalized scores for PFC and PMC ROIs were used as dependent variables in their respective models. Only effects involving diagnosis as a main effect or in interaction were reported and interpreted. Univariate ANOVAs were used to further investigate significant main effects and interactions. Additionally, due to the high prevalence of comorbid ODD and participants prescribed stimulant medication at the time of the study among our sample of children with ADHD, we repeated our analysis for children currently prescribed stimulant medication and those not currently prescribed stimulant medication, as well as those children with and without comorbid ODD to test the effect of both medication and ODD status.

A hierarchical approach was used to assess the relationship between symptom severity, as measured by the CPRS-R:L ADHD Total Score, and SA in the ADHD group only. Since correlations with symptom severity were only tested in the ADHD group, unnormalized scores of SA were used. First, partial correlations were used to investigate associations between CPRS-R:L raw total score and PMC and PFC morphology while controlling for age. Second, for significant associations, follow-up partial correlations were used to investigate the association between CPRS-R:L raw total score and PFC and PMC ROIs within sex.

3. Results {#sec3}
==========

3.1. Sample characteristics {#sec3.1}
---------------------------

There were no significant diagnostic differences within sex or at the whole group level (ADHD vs. TD) for age, socio-economic status, sex, WISC-IV Perceptual Reasoning Index (PRI), and Edinburgh Handedness Inventory. Representation of the ADHD subtypes, current use of stimulant medication, and comorbid ODD and phobia did not differ in boys and girls with ADHD. Demographic information is summarized in [Table 1](#t0005){ref-type="table"}.

3.2. Prefrontal cortex analysis {#sec3.2}
-------------------------------

### 3.2.1. Cortical thickness (CT) {#sec3.2.1}

A 2 Diagnosis × 2 Sex × 2 Hemisphere × 5 ROI repeated measures ANOVA for CT of the PFC ROIs (ACC, DLPFC, ILPFC, mPFC, and OFC) revealed no significant effect of diagnosis, *F*(1,222) \< 1, *p* = .947, or Diagnosis × Sex interaction, *F*(1,222) = 0.24, *p* = .625. There was a significant Diagnosis × ROI interaction, *F*(4,219) = 2.9, *p* = .023, ηp^2^ = .05, that was qualified by a significant Diagnosis × Hemisphere × ROI interaction, *F*(4,219) = 2.8, *p* = .026, ηp^2^ = .049. Examination of post-hoc tests comparing diagnostic groups for each ROI within each hemisphere revealed no significant differences between ADHD and TD groups for any of the ROIs, *p*-values \> .30, although there was a trend for reduced ACC CT in the ADHD group, *p* = .070, which may have driven this interaction.

### 3.2.2. Surface area (SA) {#sec3.2.2}

A 2 Diagnosis × 2 Sex × 2 Hemisphere × 5 ROI repeated measures ANOVA for SA of PFC ROIs (ACC, DLPFC, ILPFC, mPFC, and OFC) revealed a significant effect of diagnosis (TD \> ADHD), *F*(1,222) = 13.6, *p* \< .001, ηp^2^ = .058. This effect of diagnosis differed for boys and girls as evidenced by a marginal Diagnosis × Sex interaction, *F*(1,222) = 3.59, *p* = .059, ηp^2^ = .016, such that the effect of diagnosis was significant for girls, *F*(1,222) = 11.4, *p* = .001, ηp^2^ = .049, but not for boys, *F*(1,222) = 2.57, *p* = .110, ηp^2^ = .011 (see [Fig. 1](#f0005){ref-type="fig"}).

These effects were qualified by a significant Diagnosis × Sex × Hemisphere × ROI interaction, *F*(4,219) = 2.8, *p* = .026, ηp^2^ = .049. Post-hoc tests revealed that girls with ADHD showed smaller cortical SA in a much wider distribution of PFC regions than did boys with ADHD, including bilaterally in the DLPFC, left DLPFC: *F*(1,222) = 6.4, *p* = .012, ηp^2^ = .028; right DLPFC: *F*(1,222) = 5.0, *p* = .026, ηp^2^ = .022, as well as left ILPFC, *F*(1,222) = 6.4, *p* = .012, ηp^2^ = .028, left ACC, *F*(1,222) = 8.1, *p* = .005, ηp^2^ = .035, right mPFC, *F*(1,222) = 7.8, *p* = .006, ηp^2^ = .034, and right OFC, *F*(1,222) = 5.21, *p* = .023, ηp^2^ = .023. In contrast, boys with ADHD showed fewer PFC reductions compared to TD boys than did girls with ADHD, including the left mPFC, *F*(1,222) = 3.9, *p* = .050, ηp^2^ = .017, right ACC, *F*(1,222) = 9.4, *p* = .002, ηp^2^ = .041, and right OFC, *F*(1,222) = 3.7, *p* = .055, ηp^2^ = .016. Pairwise comparisons are summarized in [Table 2](#t0010){ref-type="table"}.

3.3. Premotor cortex analysis {#sec3.3}
-----------------------------

### 3.3.1. Cortical thickness {#sec3.3.1}

A 2 Diagnosis × 2 Sex × 2 Hemisphere × 3 ROI repeated measures ANOVA for the PMC ROIs (SMC, LPM, FEF) revealed no significant main effect of Diagnosis, *F*(1,222) \< 1, *p* = .679, and no Diagnosis × Sex interaction, *F*(1,222) \< 1, *p* = .807. Additionally, all other interactions with Diagnosis were not significant.

### 3.3.2. Surface area {#sec3.3.2}

A 2 Diagnosis × 2 Sex × 2 Hemisphere × 3 ROI repeated measures ANOVA for the PMC ROIs (SMC, LPM, FEF) revealed a marginally significant main effect of diagnosis (TD \> ADHD), *F*(1,222) = 3.7, *p* = .057, ηp^2^ = .016. The effect of diagnosis did not significantly vary by sex, Diagnosis × Sex interaction: *F*(1,222) = 0.6, *p* = .441, although it was qualified by a Diagnosis × ROI interaction, *F*(2,221) = 5.2, *p* = .006, ηp^2^ = .045. Post-hoc tests revealed that SA was reduced in children with ADHD in the LPM, *F*(1,222) = 4.2, *p* = .042, ηp^2^ = .018, and SMC, *F*(1,222) = 3.9, *p* = .05, ηp^2^ = .017.

Given the pattern of findings for the PFC and our interest in sex differences in ADHD boys and girls compared to their sex-matched peers, separate analyses (Diagnosis × Hemisphere × ROI) for each sex were also conducted to determine whether the Diagnosis × ROI interaction reported above for surface area was present among boys and girls (2 additional models). These analyses revealed a significant effect of diagnosis for boys, *F*(1,153) = 5.2, *p* = .024, ηp^2^ = .033, but not for girls, *F*(1,69) = 0.6, *p* = .433, ηp^2^ = .009, suggesting that PMC SA is reduced in boys with ADHD compared to TD boys, but not in girls with ADHD compared to TD girls (see [Fig. 1](#f0005){ref-type="fig"}). For boys, there was a significant Diagnosis × ROI interaction, *F*(2,152) = 3.6, *p* = .03, ηp^2^ = .045, such that boys with ADHD showed significantly smaller cortical SA only in the bilateral LPM, *F*(1,153) = 8.4, *p* = .004, ηp^2^ = .052. For girls, there was also a Diagnosis × ROI interaction, *F*(2,68) = 4.9, *p* = .011, ηp^2^ = .13, such that girls with ADHD showed smaller cortical SA only in the bilateral SMC only, *F*(1,69) = 4.1, *p* = .046, ηp^2^ = .056. Pairwise comparisons are summarized in [Table 2](#t0010){ref-type="table"}.

3.4. Effects of ODD and medication status {#sec3.4}
-----------------------------------------

For the PFC, separate analyses of children with ADHD with (n=35) and without (n=58) comorbid ODD compared to TD children revealed that for the ADHD without ODD group there was an effect of ADHD Diagnosis, *F*(1,186) = 7.9, *p* = .005, ηp^2^ = .04, as well as a significant Diagnosis × Sex × Hemisphere × ROI interaction, *F*(4, 183) = 3.2, *p* = .014, ηp^2^ = .07. In contrast, for children with comorbid ODD, while there was a main effect of Diagnosis on PFC SA, *F*(1, 165) = 8.7, *p* = .004, ηp^2^ = .05, there was no Diagnosis × Sex × Hemisphere × ROI interaction, *F*(4, 162) = 1.2, *p* = .297, ηp^2^ = .03. These results suggest that the diagnosis of ADHD, and not the presence of comorbid ODD, is driving the interaction findings observed in the whole group. There was also an effect of medication status for the PFC such that among the children currently prescribed with stimulant medication (n=65), a significant effect of diagnosis, *F*(1,195) = 13.9, *p* \< .001, ηp^2^ = .07, and a marginal Diagnosis × Sex interaction, *F*(1,195) = 3.6, *p* = .058, ηp^2^ = .02, was observed, similar to the findings for the whole group. In contrast, these effects were not present among those that were not currently prescribed stimulant medication (n=28), diagnosis: *F*(1,156) = 2.6, *p* = .108, ηp^2^ = .02, Diagnosis × Sex: *F*(1,156) = .92, *p* = .340, ηp^2^ \< .01. Analysis of ODD and medication status on PFC cortical thickness revealed no effect of ODD or medication status.

Similarly, for the PMC, separate analyses of children with ADHD with and without comorbid ODD compared to TD children revealed that for the ADHD without ODD group, there was an effect of ADHD diagnosis, *F*(1,186) = 7.7, *p* = .006, ηp^2^ = .04, as well as a significant Diagnosis × ROI interaction, *F*(2,185) = 5.0, *p* = .008, ηp^2^ = .05. In contrast, for children with ODD, there was no significant effect of diagnosis, *F*(1,165) = .05, *p* = .83, ηp^2^ \< .001, or a Diagnosis × ROI interaction, *F*(2,164) = 2.4, *p* = .091, ηp^2^ = .03. These results suggest that the diagnosis of ADHD, and not the presence of comorbid ODD, is driving the findings observed in the whole group. Analyses of the effect of stimulant medication status on the PM SA revealed that both groups showed a significant Diagnosis × ROI interaction (currently not prescribed medication: *F*\[2,155\] = 4.0, *p* = .021, ηp^2^ = .05; currently prescribed medication: *F*\[2,194\] = 3.3, *p* = .038, ηp^2^ = .03), suggesting that medication status had no impact on PMC SA findings from the whole group. Additionally, there were no significant main effects or interactions observed in any of the ODD or medication status subgroups for PMC cortical thickness.

3.5. Brain behavior correlation {#sec3.5}
-------------------------------

Partial correlations were used to assess relationships between Ranta atlas ROIs and symptom severity (CPRS-R:L ADHD Total score) in children with ADHD. Although age was only correlated with PMC SA (bilateral PMC SA: *r* = .232, *p* = .026) but not PFC SA (bilateral PFC SA: *r* = .162, *p* = .121), age was included as a covariate in both PMC and PFC associations with symptom severity to be consistent.

In the overall sample of children with ADHD we found that greater total PFC and PMC SA was significantly associated with lower ADHD symptom severity (PFC: *r* = --.252, *p* = .016; PMC: *r* = --.219, *p* = .037). Follow-up analyses exclusively investigated symptom correlations with SA in each of the ROIs for each sex. Among boys, PMC SA was associated with symptom severity (*r* = --.244, *p* = .056), whereas this correlation was not significant for girls with ADHD (*r* = --.266, *p* = .171). However, it should be noted that the correlation coefficient was similar for boys and girls with ADHD, suggesting that the lack of significance among girls with ADHD may be due to reduced power. In contrast, PFC SA was significantly associated with symptom severity in both girls and boys with ADHD (girls: *r* = --.441, *p* = .019; boys: *r* = --.289, *p* = .023), although this relationship appears to be stronger among girls with ADHD ([Fig. 2](#f0010){ref-type="fig"}). Correlation statistics are summarized in [Table 3](#t0015){ref-type="table"}.

4. Discussion {#sec4}
=============

The primary focus of this study was to examine neuroanatomical differences in the frontal lobe in 8--12 year-old boys and girls with ADHD in comparison to same-sex TD children. To accomplish this, we included a large sample of both TD and ADHD boys and girls and employed an automated parcellation of functionally distinct subdivisions of the frontal lobe ([@bb0037]). In line with previous research, we found reductions in frontal lobe SA in school-age (pre-adolescent) children with ADHD, whereas no significant differences in CT were observed. Interestingly, differential patterns of reduced SA relative to TD children were observed for girls with ADHD compared to boys with ADHD. Boys with ADHD, compared to TD boys, showed posterior (premotor cortex; PMC) decreases in SA, whereas girls with ADHD showed more anterior (prefrontal cortex; PFC) decreases in SA when compared to TD girls. These findings should be considered in light of the different neurodevelopmental trajectories for both diagnostic groups and sexes, such that girls develop earlier than boys ([@bb0026]) and TD children develop earlier than ADHD children ([@bb0044]). Therefore, higher order association areas that develop last, such as anterior regions of the frontal lobe, may show differences in the girls but not boys because boys, both TD and ADHD, have not undergone this advanced stage of cortical development. Additionally, although approximately 40% of our sample had comorbid ODD, follow-up analysis revealed that the results presented at the whole group level for both PFC and PMC were principally driven by ADHD, and not ODD, status. Furthermore, approximately 70% of the ADHD sample were prescribed stimulant medication at the time of the study. Follow-up analyses indicated that there was no significant effect of medication status on PMC SA, yet PFC SA differences were more pronounced in those currently prescribed stimulants. This may suggest more atypical prefrontal morphometry or greater power to detect these differences among the sample of children currently prescribed stimulant medication compared to those that are not, relative to TD children. Although our sample was relatively large, it was still not sufficient to examine the impact of medication on Diagnosis × Sex interactions (only 10 ADHD females were not currently prescribed stimulant medication). Therefore our findings regarding the impact of stimulant medication on the effect of sex in ADHD should be considered preliminary.

Reductions in PMC SA in boys with ADHD are in line with previous research showing impairments in motor function ([@bb008]; [@bb0028]; [@bb0033]), basic motor response inhibition and preparation ([@bb0035]), and reductions in PMC volume ([@bb0032]). These anatomical differences may be relevant to ADHD-related sex differences in motor impairments, such that boys with ADHD in this age range (8--12 years old) show a greater propensity to produce mirror overflow than do girls with ADHD, who do not show increased mirror overflow compared to TD girls ([@bb0028]). Mirror overflow movements in boys with ADHD, thought to reflect a maturational delay of intracortical inhibition, are in line with research by Shaw and colleagues showing a maturational delay in cortical development in ADHD ([@bb0044]).

Girls with ADHD showed more distributed decreases in SA in the PFC compared to ADHD boys. These results are in line with neuropsychological testing showing that girls with ADHD present with impairments in planning/switching ([@bb0035]) but do not show significant impairments in motor control relative to age matched TD girls ([@bb008]; [@bb0028]). Our neuroanatomical findings suggest that higher order deficits in planning and greater propensity for internalizing behaviors in girls with ADHD ([@bb0025]) may be related to decreased SA in the mPFC and DLPFC (planning and switching) and OFC (emotion regulation). The greater distribution of significant reductions in the PFC in girls with ADHD may reflect a general delay in cortical development (compared to TD girls) but, like all girls, a relative advancement of cortical development compared to ADHD boys.

Although boys and girls with ADHD showed different patterns of reductions in SA, regions such as the OFC, mPFC, and ACC were reduced in both boys and girls with ADHD. These regions, given their connections with the ventral striatum ([@bb0017]), are part of the brain reward circuitry and are involved in integrating cognitive and motivational processes. Etiological theories of ADHD have emphasized the interaction of cognition and motivation ([@bb006]) as underlying the behavioral dysregulation that characterizes this disorder. Specifically, children with ADHD tend to display atypical reward-based decision-making (i.e., delay discounting; e.g., [@bb0050]), motivation/response to reinforcement (e.g., [@bb0027]), and emotion regulation ([@bb0049]). Studies have shown that the OFC is involved in the inhibition of inappropriate emotional responses ([@bb0021]) and identifying the reinforcing value of stimuli ([@bb007]). The ACC is also thought to be an interface between cognition and motivation and is involved in reward processing and error or conflict awareness ([@bb0020]). Research has also shown that the mPFC is associated with reward processing, executive control, error detection, conflict monitoring, and reward-guided learning ([@bb0012]). Furthermore, resting-state fMRI has implicated the mPFC as a central node in the default mode network (DMN), which has been suggested to be a network that emerges during non-task related, self-reflective periods. Previous work from Castellanos and colleagues has shown a decreased coherence in the DMN and that a decreased DMN suppression is associated with intra-individual variability ([@bb0052]). Thus, our findings of reduced mPFC SA in boys and girls with ADHD might suggest an anatomical basis for an immature DMN, in support of the idea of a developmental delay in ADHD ([@bb0014]).

In line with diagnostic group differences in SA, increased SA (more typical SA) was associated with decreased ADHD symptom severity within the ADHD group. Additionally, PMC and PFC SAs were associated with ADHD symptom severity among boys, whereas PMC SA was not significantly associated with symptom severity among girls with ADHD, although the correlation coefficient was similar to that of boys suggesting a lack of power, and a strong association between PFC SA and symptom severity, was observed. Similar to the PFC SA diagnostic group differences seen in boys and girls with ADHD, a stronger association between PFC SA and symptom severity may be related to the earlier development of the PMC relative to the PFC and of girls relative to boys, such that ADHD-associated differences in PFC SA seen in the girls may predate that of boys. Previous work by Shaw and colleagues has shown that the rate of cortical thinning is associated with symptom severity as well as syndromatic and symptomatic remission ([@bb0045]). In this study we find that a decrease in SA is associated with greater symptom severity while controlling for age. It is possible that children in our sample who show decreased SA may show a greater perturbation in their cortical development and therefore present with greater symptom severity, an interpretation that is consistent with research by Shaw ([@bb0047]). Furthermore, a sex difference in the developmental trajectory of cortical folding is a likely mechanism underlying this association, but longitudinal studies would be needed in order to understand whether boys with ADHD show similar differences in PFC SA as do girls with ADHD at a later point in development.

To our knowledge, only one other study has investigated sex differences in frontal lobe morphology in children with ADHD ([@bb0030]). Although both studies found similar frontal lobe results, decreases in ADHD children compared to TD children, some differences were observed at the ROI level, as the prior study found reduced SMC volume in both girls and boys with ADHD with sexual dimorphic findings only for lateral PMC (only girls) and medial PFC (only boys). These differences may be the result of using different parcellation methods as well as the use of different cortical metrics. Mahone et al. used manually delineated ROIs to extract gray and white matter volume. In the current study, an automated parcellation, based on the aforementioned manual parcellation, was used to extract SA and CT, not volume. Additionally, this study had larger group sizes (64 ADHD boys compared to 21, and 29 ADHD girls compared to 21) that may also contribute to the differences in our results. In particular, the larger group sizes and focus on more specific metrics may have been useful in detecting a wider distribution of PFC abnormalities in girls with ADHD.

Due to the limited research on sex differences in children with ADHD, we chose to focus our investigation on PMC and PFC regions in a group of relatively "pure ADHD" children (i.e., without significant comorbidities). The ROI based approach used in this study allowed us to investigate functional subdivision of the frontal lobe, which has not been done. By doing so, we were unable to localize the clusters within the ROI that drove these sex and diagnostic differences. Additionally, the inclusion of hemisphere in our analysis revealed significant differences between boys and girls with ADHD, yet no clear laterality effect was observed. Although our data suggest differences in frontal lobe cortical development in boys and girls with ADHD compared to their TD peers, we were unable to test those differences in cortical development due to our cross-sectional data. Previous longitudinal research has shown a general reduction in volume across all lobes as well cerebellum in ADHD subjects ages 5--19 ([@bb005]). Furthermore, the use of a "pure ADHD" sample may reduce our ability to generalize our results. Larger group sizes will allow for further investigation into the effect of comorbidities in ADHD as well as the effect of stimulant medication. However, our findings provide an important foundation for future research, which can expand upon the methods and sample characteristics for the current study.

This study emphasizes the need for the investigation of sex-differences in ADHD, particularly in terms of brain structure and function, cognition, and behavior. In this study we were able to identify sex-based differences in SA, such that boys with ADHD showed more prominent PMC reductions in SA, while girls with ADHD showed more prominent PFC reductions in SA. We also found that greater SA was associated with lower ADHD symptom severity. Future research is needed to clarify the following: 1) whether boys and girls with ADHD follow the same developmental trajectory in SA, but with girls somewhat ahead of boys, and 2) how these reductions in SA are related to changing developmental cognitive and behavioral impairments. A greater understanding of sex differences in ADHD and trajectories of brain development and functional outcomes has important implications for possible remediation or therapies tailored differentially to boys and girls with ADHD.
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![Left, reductions in PFC surface area were observed in girls with ADHD, compared to TD girls, but not boys. Right, reductions in PMC SA observed in boys with ADHD, compared to TD boys, but not girls. The error bars represent 95% confidence intervals and a single asterisk represents *p* \< 0.05 and a double asterisk represents *p* \< 0.01.](gr1){#f0005}

![The scatter plots illustrate the inverse relationship between PFC (left) and PMC (right) SAs and Conners\' Parent Rating Scale-Revised Long Version Total Score while covarying for age (partial correlation). PFC was significantly associated with symptom severity in both girls and boys (boys: *r* = --.289, *p* = .023; *r* = --.441, *p* = .019). PMC SA was marginally associated with symptom severity in boys (*r* = --.244, *p* = .056), whereas it was not significant in girls (*r* = --.266, *p* = .171). Filled circles and solid lines represent girls while unfilled circles and dotted lines represent boys.](gr2){#f0010}

###### 

Demographic statistics.

                                   TD                                    ADHD   ADHD vs. TD *p*-values                                                                                          
  -------------------------------- ------------------------------------- ------ ------------------------ ------ ------ ------ -------- ------ --------- ------ --------- ------ ------ -------- --------
  Age (years)                      10.0                                  0.94   10.4                     1.3    10.3   1.2    10.3     1.6    10.1      1.4    10.2      1.4    .433   .278     .606
  \% minority                      31%                                          26%                             28%           24%             34%              31%              .283   .530     .584
  SES                              52                                    10     52                       10     52     10     52       10     50        11     51        11     .895   .303     .346
  Handedness                       0.79                                  0.33   0.63                     0.58   0.68   0.52   0.73     0.42   0.65      0.55   0.68      0.51   .476   .859     .923
  FSIQ                             111                                   10     115                      13     114    12     108      12     107       12     106       13     .049   \<.001   \<.001
  VCI                              113                                   12     121                      14     118    14     111      13     113       15     111       15     .096   .001     \<.001
  PRI                              106                                   10     112                      14     110    13     105      13     109       13     108       13     .806   .193     .230
  WMI                              105                                   11     109                      14     108    13     104      13     101       13     101       11     .375   .001     .001
  PSI                              105                                   15     100                      13     102    14     102      15     91        10     93        11     .007   \<.001   \<.001
                                   ADHD boys vs. ADHD girls *p*-values                                                                                                                          
  CPRS:R--L total raw              4                                     3      6                        5      5      5      32       11     33        9      33        10                     .427
  ADHD subtype, CO:IA:HI (count)   0                                            0                               0             20:8:1          49:13:2          69:21:3                          .730
  \% stimulant medication                                                                                                     69%             70%              70%                              .896
  ODD (count)                      0                                            0                               0             13              22               35                               .335
  Phobia (count)                   3                                            2                               5             5               7                12                               .401

Note. % minority = percentage of subjects with a self-reported race of African American, Asian, Hispanic, or biracial; SES = Hollingshead Four-Factor Index of Socioeconomic Status; handedness = Edinburgh Handedness Inventory; FSIQ = Wechsler Intelligence Scale for Children Fourth Edition (WISC-IV) Full-scale IQ, VCI = WISC-IV verbal comprehension index, PRI = WISC-IV perceptual reasoning index, WMI = WISC-IV working memory index, PSI = WISC-IV processing speed index; CPRS:R--L = Conners\' Parent and Teacher Rating Scales-Revised Long Version; CO = combined subtype; IA = inattentive subtype; HI = Hyperactive/impulsive subtype; % stimulant medication = percentage of subjects taking stimulant medication at the time of the study (all subjects discontinued medication the day prior to and day of study participation); ODD = Oppositional Defiant Disorder.

###### 

Total brain volume and frontal lobe cortical surface area.

                                         TD        ADHD     ADHD vs. TD differences                                                                                                                                           
  -------------------------------------- --------- -------- ------------------------- --------- ----------- --------- --------- -------- ----------- -------- ----------- -------- ------------------------------------------ --------------------------------------------
  Total brain volume (mm^3^)             990,656   82,200   1,096,920                 100,946   1,063,363   107,261   981,137   86,723   1,074,734   90,312   1,045,548   98,866                                              
  Surface area (mm^2^) Prefrontal ROIs                                                                                                                                                                                        
  ACC                                    5148      521      4909                      428       4984        471       4885      435      4752        471      4794        461      (L)[\*\*](#tf0010){ref-type="table-fn"}    (R)[\*\*](#tf0010){ref-type="table-fn"}
  DLPFC                                  14,389    1248     14,053                    1224      14,159      1237      13,600    1291     14,116      1077     13,955      1165     (B)[\*](#tf0005){ref-type="table-fn"}      
  ILPFC                                  7611      825      7530                      875       7555        857       7234      687      7393        752      7344        733      (L)[\*](#tf0005){ref-type="table-fn"}      
  mPFC                                   9736      614      9559                      752       9615        714       9305      867      9385        683      9360        742      (R)[\*\*](#tf0010){ref-type="table-fn"}    (L)[\*](#tf0005){ref-type="table-fn"}
  OFC                                    12,444    799      12,246                    952       12,309      909       12,227    872      11,983      860      12,059      866      (R)[\*](#tf0005){ref-type="table-fn"}      
  Premotor ROIs                                                                                                                                                                                                               
  FEF                                    1885      181      1871                      292       1876        261       1969      241      1856        281      1882        266                                                 
  LPM                                    5627      430      5634                      605       5632        554       5570      603      5350        597      5544        583                                                 (B~w~)[\*\*](#tf0010){ref-type="table-fn"}
  SMC                                    3738      357      3625                      441       3661        418       3563      356      3576        346      3624        392      (B~w~)[\*](#tf0005){ref-type="table-fn"}   

ACC = Anterior cingulate, DLPFC = dorsolateral prefrontal cortex, ILPFC = inferior lateral prefrontal cortex, mPFC = medial prefrontal cortex, OFC = orbitofrontal cortex; FEF = frontal eye field, LPM = lateral premotor cortex, SMC = supplementary motor cortex; +*p* ≤ 0.1; L = left, R = right, B = left and right, B~w~ = bilateral ROI was significant and laterality effects were not tested.

*p* ≤ 0.05.

*p* ≤ 0.01.

###### 

Partial correlation coefficients for frontal lobe ROI morphology and symptom severity.

                   Surface area   Surface area                                                                       
  ------- -------- -------------- -------------- -------- --------- --------- --------- -------- ----------- ------- ---------
  Girls   CPRS:R   −.441\*        −.359+         −.369+   −.407\*   −.379\*   −.223     −.266    −.108       −.303   −.173
  Boys    CPRS:R   −.289\*        −.192          −.176    −.229+    −.241+    −.312\*   −.244+   −.167\*\*   −.168   −.293\*

Note: Partial correlation coefficients were calculated in the ADHD group only while covarying for age. CPRS: R--L = Conners\' Parent Rating Scale-Revised Long Version ADHD Total Score; ACC = anterior cingulate, DLPFC = dorsolateral prefrontal cortex, ILPFC = inferior lateral prefrontal cortex, mPFC = medial prefrontal cortex, OFC = orbitofrontal cortex; FEF = frontal eye field, LPM = lateral premotor cortex, SMC = supplementary motor cortex; +*p* ≤ 0.1, \**p* ≤ 0.05, and \*\**p* ≤ 0.01.
